and eleteokl@nus.edu.sg
above the critical thickness without generating new misfit dislocations. The slope of grading could be tuned by various thermodynamic growth conditions. Here we would like to give more experimental evidence to confirm the control of Mg gradient through various growth conditions. In the inset of Figure S2 (a), we provide a table showing four samples (R1-R4) that were grown using various Mg/Zn gas mole ratios and temperatures. Figure S2 (a) shows the time-of-flight (TOF) SIMS results of the Mg ions in the ZnMgO films. Linear gradients of Mg distribution in ZnMgO layer were found in all samples with different slopes. In comparison with sample R1-R3, low Mg/Zn mole ratio is expected to result in a small slope of Mg gradient, and the bandgap determined from the roomtemperature reflectance spectra in Fig. S2 (b) also indicates the decreasing of Mg composition from the topmost surface. Moreover, the bandgap of R4 is lower than that of R1, signifying that high temperature growth that lead to less Mg incorporation in ZnO. This can be understood from the viewpoint of Mg solid solubility and thermodynamic equilibrium. We believe that the growth at higher temperatures should be closer to the thermal equilibrium condition. Consequently, not only the strain will pull the Mg adatoms to the growing front surface of ZnMgO in the initial stage, but the limited solid solubility of Mg in ZnO will also determine the final Mg composition in ZnO [A1] . The combination of these two factors leads to the low gradient of Mg distribution in ZnMgO grown at high temperature. In this case, the strain gradient is also much smaller than that of the uniform ZnMgO/ZnO heterostructure with sharp interface. Consequently, the critical thickness of the pseudomorphic ZnMgO on ZnO can be as large as 700nm, leading to much small Mg gradient. Thus, the Mg gradient could be controlled through the variation of growth conditions.
Evidence of parallel conduction path
In general, the growth of high quality ZnO films at relatively low temperature (e.g. 400 0 C) is difficult due to the presence of nonequilibrium defects. High temperature epitaxy is essential to achieve high quality ZnO and its heterostructures with layer-by-layer surface morphology for molecular beam epitaxy (MBE), pulse laser deposition (PLD) or metalorganic vapor phase eptaixy (MOVPE) techniques. Sapphire is the most commonly used substrate to grow III-nitrides and ZnO due to its advantages of having similar crystal structure and relative low cost. However, as observed in GaN epilayers on sapphire, inter-diffusion of elements between the epilayer and the substrate commonly occurs during in-situ annealing of the buffer layer and the HT epitaxial process. The thermal diffusion of Al element from sapphire during GaN growth will lead to the formation of AlN or AlGaN. Due to the larger bandgap of AlN or AlGaN layer, it is acting the electron-blocking barrier and has no contribute to GaN conductivity. However, the interfacial reaction and Al diffusion into ZnO will result in a highly conductive layer at interface [A5] . Figure 
Capacitance-voltage and terahertz time-domain magneto-spectroscopy
In this work, the carrier distribution in the heterostructures has been measured by capacitancevoltage (C-V) profiling with a mercury probe station at 1 MHz at room temperature. The C-V curves for single and double heterostructures studied in this work were present in Fig. S5 (a) , respectively.
Based on the well-known Schottky metal-semiconductor theory, the depletion width D W and carriers distributions ( n ) can be expressed as a function of layer capacitance per unit area (

. The apparent carrier concentration profiles derived from C-V profiling were shown in Fig. S5 (b) . When the applied bias is zero, the depletion width is only strongly dependent on the carrier concentration and surface potential (or Schottky barrier), and partial carriers in 3DES near surface regime are depleted. This is the reason why the carrier concentration derived from C-V profiling is smaller than the values determined by periodicity of SdH oscillation and THz-TDS cyclotron resonance measurements.
To yield the population information of carriers in ZnMgO/ZnO single heterostructure, the cyclotron resonance measurement has been performed by using terahertz time-domain magnetospectroscopy (TDS) at 1.4K. Figure S6 Figure S8
